Mutations in LKB1/STK11, a gene mapping to chromosome 19p13.3 and encoding a widely expressed serine/threonine kinase, were recently identi®ed as the cause of Peutz-Jeghers syndrome. Despite the hamartomatous polyps and increased cancer risk associated with this syndrome, somatic alterations in LKB1/STK11 have not been identi®ed in human tumours. Prompted by another feature of the syndrome, lentigines of the lips and oral mucosa, we evaluated the status of LKB1/ STK11 expression, deletion, and mutation in cell lines and tumour samples from 35 patients with sporadic malignant melanoma. Two somatic mutations were identi®ed, a nonsense mutation (Glu170Stop) causing exon skipping and intron retention, and a missense mutation (Asp194Tyr) aecting an invariant residue in the catalytic subunit of LKB1/STK11. Our data suggest that LKB1/STK11 may contribute to tumorigenesis in a small fraction of malignant melanomas.
Sporadic cutaneous malignant melanoma accounts for approximately 80% of all melanoma cases. The incidence and mortality of this cancer have increased considerably this century and the prognosis remains one of the most unfavourable in medicine (Koh, 1991) , yet many of the major genetic events involved in tumour progression remain to be elucidated (Albino, 1995; Welch and Goldberg, 1997) . Cytogenetic, loss of heterozygosity (LOH), and functional studies of malignant melanoma cells have identi®ed multiple nonrandom chromosomal changes which have been taken as evidence for the existence of speci®c tumour suppressor genes. The most commonly altered targets identi®ed thus far include chromosome arms 1q, 6q, 9p, 10q and 11q (Albino, 1995; Welch and Goldberg, 1997) . Recently, alterations of the tumour suppressor genes p16
INK4/CDKN2 and PTEN/MMAC1 on 9p and 10q, respectively, have been demonstrated in signi®cant proportions of melanoma lesions and cell lines (Kamb et al., 1994; Bartkova et al., 1996; Castellano et al., 1997; Guldberg et al., 1997; Walker et al., 1998; Tsao et al., 1998) , and the AIM1 gene has been suggested as a good candidate for the putative tumour suppressor on chromosome 6 (Ray et al., 1997) .
In addition to the nearly consistent changes associated with malignant melanoma progression, occasional allelic losses have been demonstrated at several other genetic loci (Healey et al., 1996; Welch and Goldberg, 1997) . Such allelic losses may represent random genetic changes that are not causally implicated in the behaviour of the tumour. Alternatively, they may represent molecular tumour-suppressive pathways that are abrogated only rarely in melanoma, or they may represent rarely altered components of commonly altered pathways. An example of the latter situation is the p16-cyclin D/ Cdk4-pRB pathway which is abrogated through alteration of one of its components in virtually all melanoma cell lines, yet with p16 INK4/CDKN2 being by far the most common genetic target (Bartkova et al., 1996; Walker et al., 1998) .
Recently, the LKB1/STK11 gene encoding a widely expressed serine/threonine kinase was identi®ed and mapped to the telomeric region of chromosome 19 (Jenne et al., 1998; Hemminki et al., 1998) . Loss-offunction mutations in this gene were demonstrated in the germline of several individuals aected by PeutzJeghers syndrome, a rare dominantly inherited disease characterized by hamartomatous polyps in the gastrointestinal tract, melanin spots on the lips and buccal mucosa, and predisposition to many types of cancer (Giardiello et al., 1987) . Interestingly, LKB1/STK11 mutations have not been found in sporadic carcinomas of the breast, testis and colon, tumours that are characteristic of Peutz-Jeghers syndrome, suggesting that the sporadic and syndromic tumour forms involve dierent molecular pathways Avizienyte et al., 1998) .
Malignant melanoma is not a general feature of Peutz-Jeghers syndrome and has only been reported in a few cases (Wong and Rajakulendran, 1996; Braitman, 1979) . Nevertheless, considering the putative function of LKB1/STK11, the mucocutaneous hyperpigmentation associated with Peutz-Jeghers syndrome, and the demonstration of translocations in melanoma involving chromosome 19p13.2-13.3 (Parmiter et al., 1986) , we have studied the status of LKB1/STK11 in cell lines and tumour samples from 35 patients with sporadic malignant melanoma. We ®rst reverse transcribed mRNA from 35 low-passage (passages 3 ± 6) melanoma cell lines and ampli®ed overlapping regions of LKB1/STK11 by PCR. In all lines, LKB1/ STK11 was found to be expressed at robust levels. However, RT ± PCR analysis of a region encompassing exons 3, 4 and 5 revealed the occurrence of two aberrant transcripts in the metastatic cell line FM55M1. The same pattern was observed in two cell lines, FM55P and FM55M2, established from the primary melanoma and a second metastasis from the same patient, whereas only the normally sized transcript was present in RNA isolated from the patient's blood (Figure 1a) .
Cloning and sequence analysis showed that the smaller of the abnormally sized products corresponded to the absence of exon 4 (nucleotides 465 ± 598) of the published LKB1/STK11 cDNA (GenBank accession number U63333), creating a junction between exons 3 and 5 (Figure 1b,c) . The larger of the abnormal transcripts contained the entire sequence of intron 4. This combination of exon skipping and intron retention strongly indicated the presence of a mutation with substantial impact on RNA splicing. Sequence analysis of genomic DNA isolated from the three cell lines and from the original tumours showed that the acceptor and donor splice sites of exons 3, 4 and 5 all were unaected. However, at the ®rst position of codon 170 in exon 4 (corresponding to position 508 of the cDNA sequence), we identi®ed a C to T transition, resulting in the substitution of the normal glutamine codon (CAG) with a premature-termination codon (TAG) (Figure 2) . Skipping of constitutive exons is a commonly observed eect of nonsense mutations in human disease genes (Homeyer et al., 1998) , which suggests that open reading frame recognition is important for exon de®nition. Whether intron retention, as observed in this study, may also be the result of a nuclear-scanning mechanism for premature-termination codons remains unknown at this stage. Sequence analysis of genomic DNA demonstrated that all three melanoma cell lines had lost the wild-type allele and had retained the mutant allele (Figure 2) , suggesting that the cells are completely devoid of LKB1/STK11 activity.
We next examined the entire coding region and all splice junctions of LKB1/STK11 in genomic DNA from the 35 cell lines by PCR in combination with denaturing gradient gel electrophoresis (DGGE) and direct sequencing (PCR primers and DGGE conditions are given in Table 1 ). In addition to FM55, distinct mobility shifts caused by single nucleotide substitutions were observed in three of the cell lines (Table 2) . Two of these substitutions, at codon 119 (AAC to AAT) and codon 328 (ACC to ACT), respectively, did not lead to a change of the amino acid. The third substitution, a G to T transversion at the ®rst position of codon 194, was found in cell line FM92 and is predicted to cause the substitution of aspartic acid (GAC) with tyrosine (TAC). This mutation could be demonstrated in the uncultured melanoma specimen from which the cell line was established, but not in normal tissue from the patient, establishing its somatic nature and excluding the possibility of an in vitro artifact.
The residue aected in FM92, , is located within the catalytic subdomain of LKB1/STK11 and appears to be invariant in all protein kinases (Hanks and Quinn, 1991) . In cAMP-dependent protein kinase, this residue has been shown to be essential for kinase function and to play a critical role in the phospho- transfer mechanism, probably by participating in the nucleophilic attack of the g-phosphate of ATP (Gibbs et al., 1992) . DGGE and sequence analysis of genomic DNA from cell line FM92 demonstrated retention of the wild-type LKB1/STK11 allele; however, sequence analysis of cDNA from the same cell line showed predominance of the mutated transcript (not shown).
Whether the Asp194Tyr mutation causes mRNA stabilization and may possibly act in a dominantnegative fashion is presently unknown and warrants further investigation. LKB1/STK11 is the third gene identi®ed that predisposes to the development of benign neoplasms of the hamartomatous type. Recently, germline mutations in the SMAD4/DPC4 gene were found in a subset of familial and sporadic juvenile polyposis cases (Howe et al., 1998) , and the PTEN/MMAC1 gene have been implicated as the predisposing factor in Cowden disease . Somatic PTEN/ MMAC1 mutations have also been found in a variety of human cancers Teng et al., 1997) , and we and others have recently shown that 30 ± 40% of melanoma cell lines harbour PTEN/MMAC1 deletions or mutations (Guldberg et al., 1997; Tsao et al., 1998) . Although the exact functions of LKB1/STK11 and PTEN/MMAC1 in the regulation of cell growth and dierentiation remain to be elucidated, one appealing hypothesis would be that aberrations of LKB1/STK11 and PTEN/MMAC1 could confer similar phenotypic changes to melanocytes. However, both LKB1/STK11 and PTEN/ MMAC1 were found to be altered in the cell line FM92. This ®nding suggests that changes of LKB1/ STK11 and PTEN/MMAC1 are not mutually exclusive in melanoma, but probably act in independent molecular and phenotypic pathways, which may be in agreement with the divergent biochemical functions of the gene products.
In conclusion, we have demonstrated somatic mutation of the LKB1/STK11 gene in two patients with sporadic cutaneous malignant melanoma. This is, to our knowledge, the ®rst demonstration of somatic mutations in the LKB1/STK11 gene, and our ®ndings substantiate the notion (Jenne et al., 1998; Hemminki et al., 1998 ) that LKB1/STK11 may be a tumour suppressor involved in the development of human cancer. The low mutation frequency, together with the previously observed low frequency of LOH at 19p in primary melanoma and benign melanocytic nevi (Healy et al., 1996) , suggests that LKB1/STK11 may be a relatively rare target in malignant melanoma. It remains to be elucidated whether LKB1/STK11 is part of a molecular pathway with a central role in melanoma pathogenesis. All PCR mixtures contained 5% DMSO and were subjected to the following cycling parameters: 38 cycles at 948C for 30 s, 658C for 30 s, and 728C for 30 s. Ampli®cation of exon 3 was preceded by a denaturation step at 998C for 10 min. PCR products were analysed in a 6% polyacrylamide gel containing a linearly increasing gradient of denaturant from 20 ± 90% (100% denaturant=7 M urea and 40% formamide) (Abrams et al., 1992) . The gel was run at 160 V for 4 ± 6 h in 16TAE buer kept at a constant temperature of 588C 
